ABSTRACT: Hydro-climatic change in Japan from 1906 to 2005 has been analyzed using local climate data from four large metropolitan areas, four cities, and eight rural areas. Mean annual and seasonal air temperature records (Japan Meteorological Agency, JMA) show linear warming trends at all 16 study sites with a strong dependence on population (density). Over the 100 year period investigated, the average warming has been the least (1.06°C) at the rural sites, higher (1.77°C) in the urban areas and cities, and highest (2.70°C) in the large metropolitan areas. The more sparsely populated rural sites had warming trends from 0.73 to 1.24°C per 100 years. In the business district of Tokyo, an average warming of 3.07°C in 100 years was recorded. Warming in Japan has been higher in winter than in summer, and has accelerated significantly since 1981. Average warming at all 16 stations was 3.1 times higher in the recent 25 years than in the last century . The 1906-2005 average warming at the rural sites (1.06°C) was higher than the global warming reported by the IPCC (0.74°C). Mean annual precipitation has decreased, on average, by 3% (60 mm) number of days with precipitation by 8% (29 days) at the 16 study sites in 100 years , and average daily precipitation intensity has increased by 4%. Annual precipitation amounts have changed the most (7%) in medium sized cities, and the least (2%) at rural study sites; they have also been higher in the warmer south (8%) than in the cooler north (1%) of Japan. Precipitation intensity increases are uncorrelated with air temperatures or their increases. Changes in precipitation from 1906 to 2005 in Japan are more likely caused by global climate change rather than by local urban heat island effects.
Introduction
Information on hydro-climate is essential for water resources projects, and climate change raises the uncertainty in the planning and operation of such projects. It is not surprising, therefore, that the recent hydrologic and engineering literature deals with climate change and its impact on water resources. Examples, among the many available, can be found in a special issue of Hydrologic Engineering, 1 and in recent articles by Hossain et al 2 on climate feedback-based dam design and operations; by Kang and Ramírez 3 on the response of stream flow to weather variability under climate change; by Aral et al 4, 31 on sea level rise; and by Berggren et al, 5 as well as Forsee and Ahmad, 6 on the impact of climate change on urban storm-water infrastructure.
Hydro-climate change at the global scale has been studied by the Intergovernmental Panel on Climate Change. 7 The change in global average surface air temperatures over the past century shows a weak warming trend of 0.0074°C/year. 8 This linear warming trend integrates geographic factors, natural variability, and human activities including emission of greenhouse gases and urban growth over the entire globe. A recent finding based on observed changes in surface air temperatures for windy and calm conditions suggests that urban warming has not introduced provided by the JMA, 1-3-4 Otemachi, Chiyoda-ku, Tokyo, Japan.
Japan's climate is governed by seasonal winds and therefore characterized as monsoonal. The neighboring Asian landmass, the surrounding oceans, and the country's latitudinal extent, have great influence on Japan's climate. The highly diverse topography causes numerous local climate variations. From late September to late March, an eastward flow of cold air is typically produced by high pressure over eastern Siberia and low pressure over the western Pacific. This winter monsoon picks up moisture over the Sea of Japan, deposits it as precipitation (rain or snow) on the western (Sea of Japan) landside of Japan, and brings dry, windy weather to the eastern (Pacific) landside. From about mid-April to early September, the atmospheric pressure system is reversed and warm moist air flows typically from southeast to northwest across the islands of Japan. This summer monsoon brings warmer temperatures in addition to rain. In late summer and early fall, destructive typhoons occur frequently, especially in the southwest of Japan.
Climate Data
The JMA operates 157 national weather stations for the government of Japan. Of these, 62 stations have daily records for the past 100 years. Climate data for 16 of these stations were obtained from the JMA and used in this study. The dataset used includes observed annual and mean monthly air temperature, annual precipitation, and the number of days with precipitation at each of the study sites. The data used cover the 100 year period from Jan 1, 1906 to Dec 31, 2005 . No missing data had to be filled in.
The study sites ( Fig. 1) were selected based on geographic location and population density. The latitude, longitude, elevation, and names of the weather observatories are listed in Table 1a , and information on population at or near each study site, obtained from the Japan Ministry of Internal Affairs and Communications is given in Table 1b . The 16 study sites are believed to be representative of Japan as a country. The majority of the 16 study sites were located less than 50 km from the nearest ocean. Oceanic effects can therefore be incorporated. All but one site (weather station) were at elevations less than 50 m AMSL (above mean sea level). The effect of topographic elevation could therefore not be assessed.
Some climate observatories underwent site changes during the analysis period. There have also been changes in observational equipment (eg rain gauges) and practice. 17 While data inhomogeneity in the present study is a limitation for the accuracy of the quantitative results, it is believed that it does not affect the major findings.
Japan has several climate types depending on the location (latitude and longitude) and topography (altitude and proximity to the ocean). Five climate types are specifically identified in Table 1a based on precipitation and air temperature:
(1) Japan Sea climate: There is a lot of precipitation in winter caused by the monsoon from the Asian continent.
significant bias into estimates of global warming. 9 ,10 This appears to be also the IPCC 7 position. However, changes in surface air temperatures and precipitation on a local or regional scale, integrate the global warming of the atmosphere by the global greenhouse effect, and the local urban heat island (UHI) effect.
Urban climate is the subject of a book with this title by Landsberg, 11 and a book chapter on UHIs by Voogt. 12 The effect of UHIs on global climate change is still a subject of much discussion and interpretation but it is not the subject of this paper. We merely determine local trends in Japan and compare them to each other and to the global record.
Air temperature change in Japan has previously been analyzed by Fujibe. [13] [14] [15] Recently Das et al 16 discussed urban bias in the centennial scale temperature trends at the Japan Meteorological Agency (JMA) stations. For precipitation, Fujibe also documented the change at 51 stations in Japan since 1901, including a decrease in precipitation days over the last century.
The main objective of this paper is to give an overview of hydro-climatic changes in urban and rural areas of the northern and southern regions of Japan, and the acceleration of atmospheric warming in Japan in recent decades. The main part of the paper is preceded by a brief summary of the climate of Japan.
The results to be presented will show how global warming and UHIs have affected the increase in the surface air temperature and changes in precipitation on local and regional scales in Japan in the last 100 years. Taking into account the location and the degree of progressive urbanization, several cities and rural areas are chosen as study sites. Data collected by the JMA are used in the study.
In this paper we analyze the features of climate change at 16 climate observatories in Japan over the 1906-2005 (100 year) period. Changes in air temperature and precipitation in urban and rural locations are determined separately, and trends over the most recent 25, 50, and 100 years are presented.
Climate of Japan
Japan stretches over 20° of latitude, from 25° to 45°N, and has extreme elevations from 0 to 3776 m (Mount Fuji). The terrain ascends from sea level to up to 1500 m on the Sea of Japan. The interior region's altitude is 1500-3000 m. The total land area is 377,800 km 2 and the length of the coastline is 29,750 km. About 75% of Japan's land area is mountainous, and about 25% is coastal plains and basins. Only 11% is arable land, a much larger portion is forests. Japan's population is concentrated on the coast. Over 35 million people live in the Greater Tokyo area. There are several other large urban metropolitan areas with populations of several millions.
The climate of Japan is highly diverse and varies from sub-tropical in the south to cool temperate and sub-arctic in the north. Mean monthly and other weather information is Air, Soil And WAter reSeArch 2014:7 
Methods
The study sites are divided into three categories according to population density:
(A) Large metropolitan urban areas: population during the last couple of decades has been over one million. (B) City or urban areas of significant size: population during the last couple of decades has been over 100,000 and less than one million. (C) Rural areas: Population during the period has been less than 100,000.
Four major metropolitan areas (category A), four cities of significant size (category B), and eight rural sites (category C) are included in the 16 selected weather stations. A metropolitan area is defined as a region made up of several large cities in sufficient proximity and their surrounding areas.
Japan's population in 2010 was estimated to be 127.3 million, and the average population density was 337 individuals per km 2 . Since the weather records analyzed go back to 1906, one has to wonder what the populations were then. We were not able to find complete records from 100 years ago, except a few population figures from 1889. Populations were considerably smaller than they are now (Table 1b) . Not counting suburban development, the population growth of the cities from 1889 to 2010 has been from fivefold for Kyoto to nearly thirtyfold for Fukuoka. Population in metropolitan urban areas (megalopolises) has not increased monotonically. One cause of population fluctuation was WWII (clearly visible in Figure 6 for the Tokyo area). Population changes in rural areas are considered immaterial for this study.
The study sites were also divided into a northern and a southern region. A latitude of 35 N was the dividing line.
Data were obtained from the JMA for the national weather stations at the 16 selected study sites. Mean annual air temperatures and total annual precipitation over the period of record were calculated, and so were standard deviations and variation coefficients.
Linear regression equations were fitted to the annual data and to winter (January) and summer (August) records to determine 100 year trends in mean annual air temperature and total annual precipitation. The goodness of fit was determined by the coefficient of determination (r 2 ). Optimum fit is at r 2 = 1.0. In addition, the root mean square error (RMSE) was calculated.
Linear trends of air temperatures over shorter, recent periods of 50 years and 25 years (1981-2005) were also calculated for the 16 study sites and compared to the linear trend for the full 1906-2005 (100 year) period to determine if warming had accelerated or slowed in recent years.
Results of the statistical parameter values were tabulated and interpreted for each study site separately, and for the average of the entire data set. To assess the effects related to latitude, averages of statistical parameter values were calculated for eight sites in the northern and eight in the southern half of Japan (dividing latitude is 35°N). To assess UHI effects, averages of statistical parameter values for study sites in categories (A), (B), and (C) were calculated separately. Because of the strong seasonality of Japanese climate, air temperature trends were also determined for the months of January (winter) and August (summer).
The number of days with precipitation and the quotient of annual precipitation (mm) to actual days of precipitation (average daily precipitation intensities) in a year were calculated and their changes were correlated with annual air Air, Soil And WAter reSeArch 2014:7 
Results

Annual averages and standard deviations.
Annual air temperatures. Longterm average annual air temperature (Tables 2 and 3 The lowest standard deviation of annual precipitation, ~180 mm, is found at the northern sites 1, 2, and 12 ( Fig. 1) , and the highest, ~500 mm, at the southern sites 7, 11, and 15 ( Table 4 ). The variability of annual precipitation as measured by the average variation coefficient, 0.175, for all 16 sites is moderate. The coefficient of variability for annual precipitation is only slightly lower in the north (0.16) than in the south (0.19) ( Table 4 (Table 2) , and is about the same (0.67-0.69°C) in the cooler north and the warmer south of Japan.
The variation coefficient of annual average air temperatures has an average value of 0.051 over 16 sites. Variation coefficients are the highest for the colder northern sites 1 and 12, and the lowest for the warmer southern sites 11 and 15 (Table 2) as could be anticipated because of the lower annual average values. The variation coefficient of longterm average annual air temperature is higher in large metropolitan areas (0.058 on average) than in smaller urban and rural areas (0.048 on average) ( Table 2) .
Annual precipitation. Total annual precipitation at the 16 sites (Table 4) is on average 1740 mm, but varies from 1040 mm at Nemuro, in the colder northeastern Hokkaido, to nearly 3000 mm at the warmer southern island of Naze. Precipitation increases going from north to south in Japan, but orographic effects and proximity to the ocean have strong local influence. Sites with inland climate or located near the (14) and (15), respectively. The lowest trend (0.0073°C/year) was obtained for the rural site (12), in Hokkaido. Surface air temperatures in Japan have risen at all 16 study sites ( Table 2 ). The average trend from 1906 to 2005 for all 16 sites was 0.0164°C/year, slightly lower (0.0152°C/year) for the colder northern sites (average annual air temperature is 12.9°C), and slightly higher (0.0176°C/year) for the warmer (average annual temperature is 17.3°C) southern sites. Latitude appears to have a much weaker influence on the results than urbanization.
On average, the warming trends in mean annual air temperatures were 0.0270, 0.0177, and 0.0106°C/year for site categories A (metropolitan areas), B (cities), and C (rural areas), respectively (Tables 2 and 3a) . Very large metropolitan areas (A) have experienced warming trends over the last 100 years that are, on average, 2.55 times larger than those in rural areas (C). Cities (B) with populations between 100,000 and 1,000,000 experienced temperature rises that were, on average, 1.67 times higher than in rural areas.
The linear fit of the trend lines for annual average air temperatures at all 16 sites has an average r 2 = 0.48, and an average RMSE of 0.46°C (range from 0.37 to 0.59°C). The coefficient of determination in metropolitan areas is r 2 = 0.75, drops to r 2 = 0.55 in smaller urban areas, and r 2 = 0.31 in rural areas. By comparison, the RMSE is fairly constant (≈0.46°C) for all three population densities ( Table 2) .
Seasonal air temperature trends. Climate trends are usually not uniform throughout a year, but can differ significantly by season. 18 Therefore mean monthly air temperatures in Japan were investigated separately for winter (January) and summer (August). Selecting January and July as representative for winter and summer, respectively, is customary in hydroclimate research (see eg Ref. 19 , Table 1 and Fig. 2 ). August instead of July was chosen here, because August is often warmer in Japan than July due to the rainy season (usually from beginning of June to the middle of July). Trends in mean monthly air temperatures were investigated only for January and August, and results are given in Table 3b for urban areas. It appears that air temperatures in the period from 1906 to 2005 have risen more in winter than in summer. For the 100 year period, the average air temperature rise in eight urban areas was on average 1.28 times greater in winter ( January) than in summer (August) ( Table 3b ). Table 3a .
Partitioned into categories (A)-(C) for population, war ming trends have accelerated, on average, by a factor of 1.16 (range 1.03~1.37) for large urban metro areas (A), by 1.37 (range 1.12~1.54) for cities (B), and by 1.33 (range 1.18~1.57) for rural areas (C) ( . In other words, warming over the recent 50 years accelerated the least in the large metropolitan areas (A), and more in the urban (B), and rural areas (C). Intermediate urban areas (B) had the highest warming trends, which would point to a growing UHI effect, whereas large metropolitan areas already had an established one.
In the last 25 years warming has accelerated even more (Table 3a) . From the 100 year period (Table 3b ). The differences in air temperatures between summer and winter have become smaller. For the 50 and 25 year periods the average air temperature rise in eight urban areas was on average 1.34 and 2.27 times, respectively, and greater in winter (January) than in summer (August) ( Table 3b) .
Changes in precipitation.
Total annual precipitation amounts. Figure 3 gives examples of the total annual precipitation records at four study sites spread (Table 4) . Trends in annual precipitation at all 16 study sites show a range from −3.1 mm/year (decrease) to +0.8 mm/year (increase) with an average of −0.6 mm/year. This is a small number compared to the 1740 mm annual precipitation. The most extreme changes in annual precipitation at the 16 study sites over the 100 year period from 1906 to 2005 are a decrease by 14% in Tokyo (site 3), and an increase by 5% in Hamada (site 8). The average percentage change for all 16 stations has been −3% in 100 years. The calculated trends in precipitation (Table 4) are statistically insignificant; the coefficients of determination are all very low (r 2  0.054). Overall, annual precipitation amounts have not changed significantly in Japan over the period from 1906 to 2005.
There seems to be no correlation between the trends in annual precipitation amounts, population, or latitude at the 16 individual study sites.
Annual days with precipitation. Records of annual days with precipitation from 1906 to 2005 show fewer annual rainfall days at the end of the 100 year period (Fig. 4) . The number of precipitation days has decreased at each of the 16 study sites ( Table 5 ). The average decrease for all 16 records is 12 days of precipitation or −8%; decreases have a range from 4 to 34 days of precipitation, or −3 to −21%. The decrease in days with precipitation appears to be higher at sites in the south than in the north (15 vs. 9 days or −10% vs. −6%, respectively), and slightly smaller in the large urban metro areas than in rural areas (10 vs. 15 days, or −8 vs. −9%, respectively).
Daily precipitation intensities. On days with precipitation, intensities (mm/day) have increased at 13 study sites and decreased at 3 study sites over the past 100 years (Table 6 ). Figure 5 shows increasing precipitation intensity in Nemuro (Hokkaido) and decreasing intensity in Tokyo. The highest increases have occurred at three rural sites in the south (Kochi, Hamada, and Ishigaki), and the highest decreases have occurred at three sites in the north (Yamagata, Tokyo, and Sutsu). The average increase in daily precipitation intensity over the 1906-2005 (100 year) period is, however, only 0.6 mm/day or 4% (range from −0.46 to +2.35 mm/day or −6 to +14%). Increases in average daily precipitation intensities have been similar in urban and rural areas. Annual air temperature and precipitation are considered in this paper. Extreme events such as localized torrential downpours have increased as temperatures rise. An investigation of individual storm events (short time scales) is, therefore, necessary. Observed global temperature and precipitation extremes, eg warm days, cold days, and maximum 1 day precipitation amount, were reported by Alexander et al. 20 
Interpretation of Results
Annual air temperature rises in rural vs. urban areas. The UHI effect is a well-known phenomenon. 12 22 Oke 23, 24 addressed the energetics and the size effect of urban areas. Heat emissions from UHIs are eventually distributed by atmospheric circulation, but are not considered to indirectly contribute to global climate change in addition to chemical emissions and greenhouse effects. 9, 10 The goal of our study was not to add another study of UHIs, but to study local climate change (including UHI effects) in all of Japan.
The observed atmospheric temperature record at each of our study sites integrates global warming and local heat island (UHI) effects. The heat island effect of urban areas on local trends in mean annual air temperatures in Japan can be clearly seen in Tables 2 and 3a . The four highest air temperature warming trends of 0.0307, 0.0273, 0.0266, and 0.0233°C/year were found in the large metro areas of Tokyo, Osaka, Kyoto, and Fukuoka (category A), respectively. The smaller urban areas and cities of Yamagata, Matsuyama, Kochi, and Oita (category B), had trends of 0.0141, 0.0196, 0.0181, and 0.0187°C/year, respectively. The weakest trends of 0.0073, 0.0094, 0.0096, and 0.0099°C/year were found in sparsely populated rural areas at sites 12, 15, 14, and 1, respectively (category C).
The strength of the UHI effect is compounded by several different processes, which are difficult to quantify individually. We retained the sizes of urban populations, urban areas, and urban population densities as three possible indicators (Table 1b) Table 1b are all identified by populations of less than 47,000 or 1/30 of the metropolitan urban sites. The "rural" weather stations are associated with a wide range of population densities from 40 to 1220/km 2 because the population areas may be identified by political boundaries or geographic limitations on islands or between mountains. The rural sites 14 and 16 (Thoushi and Sakai) have relatively high population densities, ie 840 and 1220/km 2 , respectively, because their areas are small, ie 29 and 84 km 2 , respectively (see Table 1b ). Although their population densities are approaching those of urban areas, they are lacking the UHI effect because of the small total population. These two examples show that at least two parameters are helpful in identifying UHI sites. Total population as well as population density has to exceed critical values before local UHI effects are produced. The requirement for identification of an UHI in Japan would seem to be: (1) total population  1.5 million, and (2) population density  2000/km 2 . No significant UHI effects seem to be associated with populations  50,000 and population densities  2000. Advective and diffusive effects associated with wind are not included here.
Heat island effects would be expected to be absent at rural sites. The proximity to the oceans and seasonably reversible wind directions will limit any downwind effects from urban areas. Local impacts of urbanization can be assessed more specifically if the urban site is close to the rural site (within 25-50 km) and in the same climate regimes. 25 Considering urban and rural sites in vicinity would undoubtedly make for a more direct comparison. UHI effects can be identified by the differences between results for meteorological stations in all rural and all urban areas.
Linear warming trends in urban areas might be expected to be proportional to the rate of progressive urbanization over time. Population growth in two cities is tracked in Figure 6 . Clearly, the population growth in Tokyo was non-linear, making the linearity of the air temperature rise more remarkable; this also suggests that infrastructure (asphalt, concrete, and steel surfaces) produces the UHI rather than population, but this simplistic view does not include the energy consumption of people in cities. 24, 26 Geographic patterns of warming trends are correlated with industrial and socioeconomic development. 27, 28, 30 In addition, the analysis of observed warming trends is rendered difficult by atmospheric circulation and its changes. We have not attempted to address these complex relationships. Instead, urban population numbers and densities have been used as indicators of urbanization, although population may not be as representative of the urban thermal environment as building characteristics or urban energy consumption. 23, 24, 29 Also, to be representative of an urban area, weather observatories must be located within the central area of a city 17 as they are in Tokyo, Osaka, and Kyoto, not at an airport outside it.
Acceleration of annual air temperature rises with time. Local air temperatures respond to many physical drivers, notably the rate of accumulation of greenhouse gases in the global atmosphere and the rate of local land use changes, especially urbanization. Following the progression of these two processes in time, one can imagine that local warming can accelerate or decelerate. Local air temperature increase does not have to be as linear as shown in Figure 3 . It can be non-linear as shown in Figure 7 .
An example of strongly accelerated warming in Japan is found in the city of Oita (site 10, and is the highest trend found at all the 16 sites or times of this study. Oita has seen exceptional urban growth as shown in Figure 6 , and urban population has nearly doubled in 50 years. Such growth will accelerate the urban UHI effect and air temperature rise. 14, 15 In the most recent 25 years, the weakest linear warming trends are 0.0245 and 0.0248°C/year in the southern rural islands of Ishigaki (site 11) and Naze (site 15 ), or 2.0 and 2.6 times the 100 year trends, respectively. It is noteworthy that even the weakest warming trends have more than doubled in the recent 25 year (1981-2005) period.
Annual air temperature rises in Northern vs. South ern latitudes. A comparison of accelerations of warming at northern and southern sites (Table 3a) shows that the difference is less than 20%. The higher warming trends were at the southern sites in the 1906-2005 period, whereas the warming trends became higher at the northern sites in the more recent 1981-2005 period.
Globally, the surface air temperature increase has been greater at higher northern latitudes; average air temperatures in the Arctic have increased at almost twice the global average rate in the past 100 years. 8 Over the range of latitudes
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are related to (1) large-scale global climate change, and/or (2) local UHI effects. Figure 8a is a plot of three precipitation characteristics against annual air temperature at the 16 study sites. This semi-log plot does not reveal much new information, merely that in warmer climates the total annual precipitation and the precipitation intensity are higher, while the number of precipitation days is fairly unaffected by local air temperatures in Japan. Precipitation intensity increases with annual precipitation amount in Japan while the number of precipitation days remains fairly constant. According to Figure 8b greater changes in daily rainfall intensity (mm/day) seem to occur where annual precipitation (mm/year) is higher. The coefficient of determination is r 2 = 0.804. While total annual precipitation at each study site has not changed significantly over the recent 100 years, patterns of precipitation have changed, such that the apparent rainfall intensity has increased-at least somewhat.
No correlation (r 2 = −0.105) was found between the trends in daily rainfall intensity and mean annual air temperature change (°C/year), over the period of record 1906-2005 (Fig. 9 ). This is not surprising since it is well-known that precipitation and temperature are not linearly related, and therefore no additional information would be expected from the correlation analysis between the trends of precipitation and temperature. It is noteworthy that in Figure 9 the data for the categories (A), (B), and (C) are separated from each other. If a separate line is fitted to the three data sets for (A), (B), and (C), the slopes are very similar, but overall, no relationship between trends in air temperatures and trends in precipitation can be detected.
Since local increases in mean annual air temperature do not have a correlation with changes in local rainfall intensity encountered in Japan, latitude does not seem to have a strong effect on the linear warming trend as indicated by the averages for the northern and southern study sites.
Mean annual air temperatures in Japan have risen at all 16 study sites ( Table 2 ). The average annual air temperature rise from 1906 to 2005 for all 16 sites was 0.0164°C/year, slightly lower (0.0152°C/year) for the colder northern sites (average annual air temperature is 12.9°C), and slightly higher (0.0176°C/year) for the warmer (average annual temperature is 17.3°C) southern sites. In the more recent 25 year period from 1981 to 2005 the warming trends were reversed to (0.0526°C/year) for the northern sites, and (0.0423°C/year) for the southern sites. Overall, latitude appears to have a much weaker influence on the results than has urbanization. Air temperature changes in Japan depend only weakly on latitudes.
Annual precipitation changes vs. air temperature cha nges. Compared to air temperature, precipitation is of a more "chaotic" nature-with finer and greater spatial variabilitywhich also limits predictability of precipitation compared to the higher predictability of air temperature, as is clear from GCM outputs. 7 In Japan the amount of annual precipitation remained essentially unchanged from 1906 to 2005 (Table 4) , while the number of days with precipitation decreased (Table 5) , and the average rainfall intensity on days of precipitation increased somewhat at 13 of 16 study sites (Table 6) . A change in precipitation days at 51 stations in Japan since 1901, including the decrease in precipitation days over the last century has also been documented by Fujibe. One may ask whether the decrease in annual rainfall days in Japan and the associated increase in daily rainfall intensity ( Fig. 9) , precipitation intensity changes in Japan over the period 1906-2005 are probably caused by climate changes at larger than local scales. That Japan is surrounded by the sea may be one reason why UHIs do not have a significant effect on the changes in patterns of local precipitation. Monsoons have a strong effect on precipitation in Japan. Major urban metro areas cover only a small total area relative to the size of the country.
Comparison of global (IPCC) and Japanese synoptic climate trends.
Air temperatures. The global average air temperature on the ground surface has risen in the period (Fig. 7) . The linear trend was reported by the IPCC to be 0.0074 and 0.0130°C/year for the 100 year and 50 year periods, respectively. The 25 year (1981 The 25 year ( -2005 trend was estimated to be in the order of ~0.03°C/year.
Warming trends at rural sites would be expected to be essentially due to global warming, and heat island effects would be expected to be absent at rural sites. 19 Indeed, the lowest warming trends of 0.0073-0.0099°C/year at four rural sites and the average trend of 0.0106°C/year at all eight rural sites are consistent with the IPCC-reported global average warming trend of 0.0074°C/year for the 1906-2005 period. 8 Even the highest rural warming trends of 0.0117-0.0124°C/year at four rural study sites of this study are not out of line, although they seem to include some other local effects. A population (energy consumption) effect at the rural sites, or advective atmospheric circulation may account for the difference between the IPCC's 0.0074°C/year and the 0.0106°C/year for the eight rural study sites in Japan. The distance from large urban metro areas, the proximity to the oceans, and seasonally reversible wind directions would exclude all downwind effects from any large urban areas.
The global surface air temperature has risen more remarkably since 1956 than before. The 0.0130°C/year global temperature rise since 1956 8 is consistent with the trends found in this study for rural areas (category C) in Japan. The observed trends for the eight rural study sites were, on average, 0.0141°C/year (Table 3a) and had a range from 0.0087 to 0.0179°C/year in the recent 50 year period.
The 100 year trend at the eight rural sites (C) was, on average, 0.0106/0.0074 = 1.43 times higher than the global trend; the 50 year trend at the eight rural sites was, on average, 0.0141/0.0130 = 1.08 times the global trend; and the 25 year trend was 0.0371/(~0.03) = 1.24 times the global trend. Overall, the ratio of rural air temperature change in Japan to global air temperature rise identified by the IPCC, seems to remain in fairly consistent proportion at about 1.25, regardless of the time period considered, and despite significant acceleration of warming. If it is considered that air temperature rise in the northern hemisphere is larger on land than on sea, the 1.25 value is a meaningful result.
Precipitation. Historical local precipitation trends reported on a global scale are either positive or negative. 7 It was reported, for example, that precipitation increased significantly in the eastern parts of North and South America, northern Europe, and northern central Asia, but declined in the Mediterranean, southern Africa, and parts of southern Asia over the recent 100 years. 8 By comparison, the annual precipitation at each of the 16 study sites in Japan has not changed significantly in the last 100 years (Table 4) .
Summary and Conclusions
an indicator that the level of urban development (heat island) effects causes local air temperature increases over and above global warming. 6. The average air temperature rise of 1.06°C over 100 years in rural areas of Japan is consistent with the global air temperature rise of 0.74°C over 100 years determined by the IPCC. (Table 3a) . 9. Trends in annual precipitation have been very weak, compared to trends in annual air temperatures (Table 7) .
Air temperature change appears to be no driver of precipitation change. 10. Urban and rural sites experienced similar changes in the annual precipitation in Japan. (Tables 2, 3a , and 7). In the 
